Tumor cell lines selected to grow in the presence of one "natural product" antineoplastic drug often develop cross-resistance to others. This multidrug resistance (MDR) is believed to be a major problem in cancer therapy.
Cultured tumor cells often exhibit cross-resistance to a number of "natural product" antineoplastic drugs when selected for resistance to only one of these chemically unrelated compounds. This phenomenon, termed multidrug resistance (MDR) (1, 2) , is correlated with overexpression of a 170-to 190-kDa glycoprotein (P-glycoprotein, P-170) on the cell surface (3, 4) , elevated levels of the mRNA for this Pglycoprotein (5, 6) , and, frequently, amplification of the gene encoding it (6, 7) . Vinblastine (vincaleukoblastine; VLB), an antineoplastic Vinca alkaloid, binds to this glycoprotein (8, 9) .
MDR cells can be rendered more sensitive to antineoplastic drugs, especially Vinca alkaloids and anthracyclines, by certain membrane-active compounds (10) (11) (12) (13) . The capacity of some of these agents to "reverse" MDR has been correlated with their ability to compete with VLB for binding to the P-glycoprotein (9) . Since a number of these drugs are organic Ca2'-channel blockers, it has been suggested that the P-glycoprotein is involved with, or is itself, a Ca2+ channel (10, 14) . However, a direct demonstration of voltage-gated Ca2+ channels has not been made in MDR cells.
Human peripheral -blood T lymphocytes, as well as other normal and transformed human and murine lymphoid cells, have voltage-gated K + channels (15) (16) (17) . These K+ channels can be blocked by organic Ca2 + -channel blockers, such as verapamil (16, 18, 19) . The concentration of verapamil required to block the lymphocyte K+ channel (IC50, 7 ,uM) (18, 20) is comparable to that needed to reverse MDR (12) . This suggested to us that a K + channel could be involved in MDR and/or in the effect of Ca2'-channel blockers to overcome MDR. Specifically, changes in the properties of a K+ current could be part of the MDR phenotype. Conversely, inhibition of a K + channel by Ca2 + -channel blockers might indirectly affect the mechanism of MDR by disturbing cell membrane potential or K+ homeostasis.
A T-lymphocyte MDR system would be a good model to look for such changes in K+ conductance, since almost all T cells have this K+ current that is sensitive to Ca2+-channel blockers (19) . Moreover, if MDR did involve induction of a Ca" current, the effect should be very clear in a T-cell MDR system, since T cells have a small non-voltage-gated Ca2+ permeability (21) , but no voltage-gated Ca2+ channels (15) (16) (17) 19) . Thus, we examined a human T-cell-derived leukemic MDR line and a drug-sensitive control to determine whether the expression or reversal of MDR correlated with changes in the expression or modulation of ionic conductances.
MATERIALS AND METHODS
Cells and Culture Conditions. CEM-1-3 and CEM/VLB10O
were selected and grown as described (3, 22) . The growthinhibitory IC50 for VLB is <1 nM in CEM-1-3 cells, whereas the MDR CEM/VLBim0 line grows without inhibition in 110 nM VLB. This line exhibits the classic, P-glycoproteinassociated MDR phenotype (1, 23) .
Electrophysiology. Cells were removed from culture, washed, and resuspended in a buffered saline containing (in mM) 140 NaCl, 5 KCI, 1 MgCl2, 2.5 CaCI2, 10 Hepes, and -4 NaOH (pH 7.3). This solution was used as the bath solution during electrophysiological recording except where noted.
The cells were placed in a clean plastic dish (Co'Ming 25000), and viable cells (>90%o of the population) would attach and begin to spread out within a few minutes. Such cells were chosen for study, although cells taken before they had a chance to attach had similar electrical characteristics.
Standard patch-clamp techniques were used to study whole-cell and single-channel currents (24 tTo whom reprint requests should be addressed.
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Reagents. Reagent grade salts were used. The following chemicals were purchased: EGTA, ATP, potassium aspartate, theophylline, and Hepes from Sigma; quinine hydrochloride from Aldrich; tetraethylammonium (TEA) chloride from Eastman Kodak; cAMP from Boehringer Mannheim; and tetrodotoxin (TTX) from Calbiochem-Behring. Vinblastine sulfate (Velban; USP) and verapamil hydrochloride were gifts of Eli Lilly and Knoll Pharmaceutical (Whippany, NJ), respectively.
RESULTS
Voltage-Activated Currents in Whole-Cell Configuration.
In response to a large imposed depolarization, most cells of both the VLB-resistant and -sensitive lines displayed a quickly activating inward current and a more slowly activating outward current (Fig. 1A) .
The outward current (Fig. 1B) was seen in -70% of the cells ( CEM/VLB100
Inward current Logarithmic phase 0.595 ± 0.456 (7) around -40 mV; and the reversal potential was -60 to -80 mV, as extrapolated from the voltage-dependent magnitude of the single-channel outward currents (Fig. 1C) . This reversal potential is near the K + equilibrium potential under these conditions, suggesting that this is a K+-selective channel.
Another consequence of the small size and rapid decay of this conductance was the difficulty of characterizing its pharmacology. We could only ascertain whether a drug at a given concentration could completely inhibit the current. On (9) , whereas TEA' (to 70 mM) is without effect (unpublished data). The current was blocked by TEA' or Cs + (40 mM) in the pipette. It is unusual, but not unprecedented (27) , for a K+-selective current to be insensitive to extracellular TEA+.
The most consistently observed current, found in 80o of all cells (Table 1) , was a quickly activating inward current (Fig.  1D) . While the outward current was small and always decayed, the inward current persisted and was readily studied in isolation after the other current had disappeared. The magnitude of this inward conductance varied considerably from cell to cell (Table 2) , ranging from 0.086 to 1.857 nS, and the average magnitude was not significantly different between cell types.
Single channel currents studied in whole-cell mode showed very brief spikes of inward current, which appeared with increasing frequency as a cell was depolarized from -70 mV ( Fig. 2A) to -25 (Fig. 2B ) and -20 mV (Fig. 2C ).
This increase in activity at the single-channel level was reflected in the activation of macroscopic current when the potential was stepped to about -20 mV (Fig. lEb) . Inward current reached peak amplitude in 1-3 msec and then began to inactivate (Fig. 1D) ; complete inactivation required 1 sec or more (Fig. 2D) . Steady-state inactivation reduced peak inward current by 18.2% ± 9.3% (n = 5) when the membrane was held at -70 mV vs. -90 or -100 mV, and complete inactivation resulted when the membrane potential was clamped at -30 mV (Fig. lEa) .
This inward current might be carried by Na+ and/or Ca2'. With 20 mM Na+ in the filling solution, the reversal potential of the inward current was + 49 mV, which is very close to the calculated reversal of +55 mV for a Na+-selective conductance under these conditions (Fig. lEb) . However, as compared to most voltage-activated Na' currents (28), the inward current in CEM cells was slow to activate and very slow to inactivate. In 27 cells that had sufficient inward current to study inactivation kinetics, 16 showed a faster component as well (Fig. 2D) . Slow inactivation of a Na'-selective channel is not unknown (29) , but these biphasic kinetics suggested that at least part of this current might be a voltage-gated Ca2+-selective conductance. However, inward current was not seen when K+ or choline was substituted for bath Na' (three cells) or when the entire bath solution was replaced with 110 mM CaCl2/10 mM Hepes (two cells). The inward current and the spiking activity in Fig. 2D were both eliminated by bath application of 150 nM TTX, a highly specific blocker of voltageactivated Na' channels (28) (Fig. 2E) experiments, we supplemented the pipette-filling solution with 4 mM MgATP/0.1 mM cAMP/2 mM theophylline, a combination that proved useful in preventing decay of Ca2 + channels in a B-cell myeloma (30) . The kinetics, voltagesensitivity, and magnitude of both current types, as well as the lability of the K+ current, were not changed by these additions or by substitution of Cl -or F-for aspartate in the filling solution. Table 1 describes the distribution of the voltage-gated whole-cell currents in CEM-1-3 and CEM/VLB1IJ cells.
Exponentially growing (logarithmic phase) cells were quite similar in the frequency with which each current type was observed. The more slowly growing cells, harvested from culture as the cells were being given fresh medium (pass day), were more likely to have undetectable levels of one or both of the currents and were more variable. Nevertheless, for any specific current type, there was no significant difference in the magnitude of the average whole-cell conductance, either as a function of cell line or stage of proliferation ( Table 2) . Inward current channels of a second type ( Fig. 2A) were observed in six cells in whole-cell patch clamp (three each CEM/VLB1OO and CEM-1-3). The amplitude of this longeropening channel decreased with depolarization and reversed around 0 mV (data not shown). In one of the CEM/VLBl1O cells, the channel was observed in the presence of 110 nM VLB, suggesting that channel opening and conductance are not sensitive to extracellular VLB. This channel is presumed to be the nonspecific cation channel described below.
Single-Channel Currents in Cell-Attached Patches. The decay of the voltage-gated outward current and the infrequent observation of the second inward channel type suggested that whole-cell mode was removing or changing some component(s) necessary for the integrity of these currents. We therefore used the less-invasive cell-attached patch technique to study single-channel currents. A majority of the patches on both cell types studied by this method had the characteristic electrical activity shown in Fig. 3 , consisting primarily of inward current with respect to the cell. The open time and conductance of this channel were similar to the longer duration inward channel shown in Fig. 2A . Activity was observed over a wide range of potential, and the movement of current through this channel reversed direction at -0 mV (Fig. 4) . Since channel activity of similar magnitude and reversal potential was observed with different isotonic anion substitutions in the pipette (Cl-, SO2-, aspartate, gluconate, and methyl sulfate were tried) or with K+ substituted for Na+, it is likely that this is a nonspecific cation channel.
The magnitude and reversal of currents observed with another cation as the major constituent of the solution in the cell-attached pipette indicated a selectivity sequence of Na+ (1.0) K+ (1.0) > Cs' (=0.5) >> Tris+ (<0.1). With isotonic TEA+ in the pipette, there was a little current only at large imposed potentials, suggesting that TEA+ may block the channel. Pipette solutions of isotonic CaC12 or BaCl2 (110 mM) gave erratic results, consisting of records with few or no single-channel current events (data not shown). It seems unlikely that this channel has significant permeability to Ca2'. From on-cell and whole-cell measurements, we calculated a single-channel conductance for this channel of 32.6 ±5.7 pS (n = 16).
Less frequently, we observed a voltage-sensitive outward channel with reversal potential extrapolating to about -80 mV, an example of which is shown in Fig. 4 . These characteristics are best explained by a K+-selective channel. The small magnitude of the voltage-gated K+ current in wholecell recordings is consistent with the infrequent observation of this channel in the on-cell patch records. The singlechannel conductance of these channels from on-cell and whole-cell measurements was 10.6 + 2.1 pS (n = 6).
DISCUSSION
The type and magnitude of ion channels in MDR and drug-sensitive clones of a human T-cell leukemia are the same. Using whole-cell and cell-attached patch-clamp techniques, we obtained evidence for three different channel types found equally in both cell lines. These include (i) a voltage-gated Na+-selective inward current, which is blocked by TTX; (it) a more slowly activating voltage-gated outward current, which is probably carried by K+; and (iii) a nonselective cation channel with little voltage sensitivity. Proc. NatL Acad Sci. USA 85 (1988 A TTX-sensitive Na+-channel has been found at low frequency in human peripheral blood T lymphocytes (16) and in various other T cells (19, 31 We did not find a K +-selective conductance equivalent to that found in other T lymphocytes. Although CEM cells do have a voltage-gated outward current, it is different from the normal T-cell K+ current in that it does not inactivate, degrades quickly after whole-cell configuration is entered, and is significantly less sensitive to block by TEA, quinine, and verapamil (16, 17) . There is a report that two other CEM lines do have typical T-cell K+ conductance (19 (34) . A nonspecific cation channel with similar conductance and ion selectivity to the one found here has been described in a nonlymphocyte system (35) .
A relationship between the growth rate of the culture and the detection of voltage-gated current was observed. We found ( Table 1 ) that all logarithmically growing cells (drugsensitive and -resistant alike) had some detectable voltagegated current, whereas about one-fourth of all plateau-phase (i.e., pass day) cells had no current. A correlation between the level of ion channel expression and the growth state has been reported for other T cells (20, 31) .
A paper published while this report was in review (36) used whole-cell patch clamp methods to study the ion channels in drug-sensitive and MDR variants of K562, a human erythroleukemia line. As in the CEM lines we studied, these cells had no voltage-gated Ca2+ channels. There was, however, a significant increase in the incidence and magnitude of voltagegated Na+ current in the MDR K562 line. In our study, we found no difference in incidence and only a slight increase in average Na+ conductance ( Table 2 ) that was not statistically significant (P > 0.3).
The functions of the channels found in CEM cells are still unknown. It has been proposed that the MDR-associated P-glycoprotein may be a Ca2 + channel, since both VLB and verapamil bind to it. Our data suggest that the P-glycoprotein is not a conductive ion channel under the conditions tested. Recent molecular biological studies (37) (38) (39) have suggested that this resistance-associated protein may be a specialized transport system that facilitates removal of unwanted xenobiotic molecules from the cell. Although no direct effects of VLB or verapamil at concentrations pertinent to MDR were observed, and there were no differences with respect to the ion channels identified in CEM-1-3 and CEM/VLB100 cells, the possibility that these currents could contribute to the maintenance of MDR and/or its reversal cannot be excluded. Nevertheless, our results should redirect experiments Proc. Natl. Acad. Sci. USA 85 (1988) 2023 toward toe discovery ofputative nonchannel mechanisms that appear more likely to underlie MDR (23, 40) .
